23 24 2 KRAB Zinc Finger Proteins (KZNFs) are the largest and fastest evolving family of 25 human transcription factors 1,2 . The evolution of this protein family is closely 26 linked to the tempo of retrotransposable element (RTE) invasions, with specific 27 KZNF family members demonstrated to transcriptionally repress specific families 28 of RTEs 3,4 . The competing selective pressures between RTEs and the KZNFs 29 results in evolutionary arms races whereby KZNFs evolve to recognize RTEs, 30 while RTEs evolve to escape KZNF recognition 5 . Evolutionary analyses of the 31 primate-specific RTE family L1PA and two of its KZNF binders, ZNF93 and 32 ZNF649, reveal specific nucleotide and amino changes consistent with an arms 33 race scenario. Our results suggest a model whereby ZNF649 and ZNF93 worked 34 together to target independent motifs within the L1PA RTE lineage. L1PA 35 elements eventually escaped the concerted action of this KZNF "team" over ~30 36 million years through two distinct mechanisms: a slow accumulation of point 37 mutations in the ZNF649 binding site and a rapid, massive deletion of the entire 38 ZNF93 binding site. 39 40
3 Figure 1: ZNF649 recognizes a sequence-specific motif in L1PA elements. A) Repeat Browser Analysis of ZNF649 (blue), ZNF93 (gold), Kap1 (red/grey; independent replicates) on L1PA elements. Pie charts show the percentages of each L1PA family that are independently bound by ZNF649 (blue slices) and ZNF93 (yellow slices). B) Discriminative analysis of the sequence under the ZNF649 binding site reveals a recognition motif that acquires 3 sequential point mutations in younger L1PA families. C) Reporter assay in mouse embryonic stem cells (mESC) in which a reporter containing the ZNF649 binding site in each of the L1PA sequences are tested in the presence or absence of ectopic ZNF649. Bars represent the relative activity of the reporter in the presence of ZNF649 normalized compared to an empty vector. D) Analogous experiment in CRISPRi hiPSCs expressing guides targeting ZNF649 and inducible dCas9-KRAB. Induction with dox depletes endogenous ZNF649. Data represents reporter activity in the knockdown condition normalized by the uninduced endogenous condition (all activities normalized to no RTE control). All error bars represent standard deviations of four biological replicates. summits versus that of L1PA elements without summits. This analysis revealed two this sequence, validating it as a bona fide recognition motif ( Fig 1B) . We then examined 76 the evolution of this motif in the L1PA families which appear to escape ZNF649 77 recognition. The ZNF649 recognition sequence accumulated three mutations that 78 flourished in younger families over the last 18 million years ( Fig 1B) . expressed in the knockdown context ( Fig 1C) .
87
Interestingly, the ZNF649 recognition motif contains a TATA sequence 12 , an important 88 recognition motif for the transcription factor TBP. Furthermore, this TATA sequence 89 arose in a subset of the L1PA6 lineage through a dramatic rearrangement of the L1PA 5' 90 UTR that also deleted an old TATA sequence present in ancient elements (Fig 2A) . While 91 only a minority of L1PA6 elements contained this new arrangement of the 5'UTR, almost 92 all instances of younger L1PA elements are configured in this manner suggesting a 93 comparative fitness advantage (Fig 2A) . Furthermore, mutation of the TATA sequence 94 results in a complete loss of ZNF649-mediated repression (Fig 2B) , demonstrating a Pie charts representing the number of instances of each L1PA family that have a perfectly conserved "TATA" sequence (green slice) in the new 5' configuration. B) mESC reporter assay measuring ZNF649's ability to repress when the highly conserved TATA sequence is mutated. C) Testing of finger mutations in the mESC reporter assay. Shown is the relative activity of each single finger mutant (A1-A10) compared to wild type (wt). Purple coloring indicates mutants that show no repression. D) Cartoon representation of ancient and modern fingers of ZNF649 overlayed with reporter data from C). potential mutational route for L1PA escape from ZNF649. However, mutations in this site 96 are rare indicating that L1PA elements have a competing selective pressure (presumably 97 to maintain transcription factor binding to initiate transcription) to avoid this route.
99
In order to understand how ZNF649 evolved to repress these elements, we synthesized Extended Data Figure 2 : Canonical model for ZNF recognition on DNA. Shown here is the crystal structure (1G2F) of Zif268 bound to DNA. Numbered residues are in reference to the start of the helix (-1,2,3,6) and traditional make base-specific contacts to the DNA (four amino acid "fingerprint"). 
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